Abstract: Successful inflationary models should (i) describe the data well; (ii) arise generically from sensible UV completions; (iii) be insensitive to detailed fine-tunings of parameters and (iv) make interesting new predictions. We argue that a class of models with these properties is characterized by relatively simple potentials with a constant term and negative exponentials. We here continue earlier work exploring UV completions for these modelsincluding the key (though often ignored) issue of modulus stabilisation -to assess the robustness of their predictions. We show that string models where the inflaton is a fibration modulus seem to be robust due to an effective rescaling symmetry, and fairly generic since most known Calabi-Yau manifolds are fibrations. This class of models is characterized by a generic relation between the tensor-to-scalar ratio r and the spectral index n s of the form r ∝ (n s − 1) 2 where the proportionality constant depends on the nature of the effects used to develop the inflationary potential and the topology of the internal space. In particular we find that the largest values of the tensor-to-scalar ratio that can be obtained by generalizing the original set-up are of order r < ∼ 0.01. We contrast this general picture with specific popular models, such as the Starobinsky scenario and α-attractors. Finally, we argue the self consistency of large-field inflationary models can strongly constrain non-supersymmetric inflationary mechanisms.
Introduction
The cumulative WMAP [1] and Planck [2] results raise the bar for those who profess to be able to read the cosmic tea leaves. It no longer suffices to write down simple potentials and get things roughly right since the data now discriminates more finely than just choosing concave-down from concave-up potentials. But neither is the data good enough to sift finely amongst all the extant theory proposals, so theorists must recalibrate the most fruitful ways to organize possible theoretical alternatives.
In this paper we propose a set of desirable criteria on the theory side, and state the direction towards which we believe they suggest the present data are pointing. We believe these criteria are conservative, and indeed are already widely used amongst theorists when deciding how to organize what to think about. What is interesting is that these criteria already appear to help differentiate among many popular models, and we hope their enunciation can help observers who find themselves rummaging through bargain bins at their neighborhood theory store.
A start is to organize inflaton potentials into categories based on theoretical inputs, so these inputs can be discriminated based on what observations seem to be telling us. Examples along these lines are quadratic potentials, V = 1 2 m 2 φ 2 , that capture fields deep within a potential well [3] , trigonometric potentials, V = V 0 [1 − cos(φ/f )], whose inflation [4] captures axion-like models and exponential potentials, V = V 0 − V 1 e −φ/f , that often emerge as the low-energy limit of extra-dimensional moduli [5, 6, 7] (and more recently have been identified as particularly attractive descriptions of the data [8, 9] ).
We evaluate inflationary classes of models like this according to how well they satisfy the following criteria:
1. Data fitting: First and foremost they should agree with the data, but they should also do so robustly. That is, the agreement between theory and experiment should overlap strongly rather than tangentially. One way to quantify this criterion formally is through Bayesian comparisons with the data, such as those of [10] . Although one can argue about the priors used, such a Bayesian comparison differentially punishes models that stray from experimentally favoured regions as parameters are varied.
2. UV completion: Second, they should plausibly embed into some sort of UV completion. 1 This criterion expresses a very basic fact: Nature is a whole that does not subdivide itself according to the academic disciplines. Any model that successfully describes cosmology must also play nicely with whatever else we know about Nature at the relevant energies. This is harder than it looks for inflationary models because these by assumption are in a regime where quantum and gravitational effects are both in play in an observable way (usually because the inflationary scale is at such very high energies). The model should therefore embed into a UV framework wherein the myriad corrections (both quantum and gravitational) to the simplest picture are under quantitative control.
3. Naturalness: Third, the successful class of models should embed into the UV completion in a technically natural way. That is, any choices made for cosmology should have roughly the same form within the effective theory relevant at any scale we choose. In practice this asks that any states at very high energies not dramatically ruin the choices made for effective parameters once they are integrated out (see, e.g. [11] for a more precise statement of what technical naturalness asks).
New predictions:
A bonus is if the class of interest also makes a new or specific prediction for the size of a hitherto unmeasured effect (such as for the tensor-to-scalar ratio, r, say) that can be further tested.
Although items 1 and 4 are not controversial, several comments are in order about 2 and 3; both about why they should be true and why (even if true) they are useful. First, we remark that although in principle criterion 2 can be done with any theory of quantum gravity as UV completion, the present state of the art seems only to allow this to be done with sufficient precision using string theory. In practice embedding into string theory is what we ask.
Second, one might worry that criterion 2 is pretty ineffective inasmuch as it does not much restrict one's choices. After all, can't one get anything from string theory (or one's favourite alternative)? The challenge here really has several parts, depending on the cosmological model of interest. In contrast to models (e.g. bouncing cosmologies) that rely on gravity in a strongly quantum regime, string theory provides a precise framework within which to sort out whether controlled predictions can be made at all.
Furthermore, embedding into string theory doesn't just mean using fields that might plausibly arise in some sort of stringy context. It asks the embedding to be done at a level of control that includes all contributions that are as large as the one desired. For inflationary models the hard part about cosmology usually is to compute reliably the scalar potential of interest; in particular to stabilize the system's various moduli. It is, after all, a waste of time to find a shallow direction in some potential if there are other, ignored, field directions where the potential is much steeper. The good news is that this is even possible, since tools for doing so [12, 13, 14, 15] have been known for more than a decade. But experience with these tools also tell us that if you are not stabilizing all fields -even those not directly involved in the cosmology of interest -then you have not yet gotten to the hard part of the problem.
Even so, one might also think that a stringy provenance can be found for any possible cosmological option. Although this needs reassessing as more is learned, the same has so far not proven to be true in particle physics applications of string theory. 2 It is still early days for string cosmology, of course, and it is true that not all inflationary options have yet emerged from string theory [6] . Yet all the options found so far seem to have difficulty getting a large tensor-to-scalar ratio, r, for example -with the models of [16] so far providing a high-water mark.
Finally, criterion 3 is the flip-side of 'decoupling,' i.e. the usual belief that nothing much at low energies should depend on what goes on at very high energies (which in practice is why science makes any headway at all). Effective field theories (EFTs) express this basic fact (and this is why they are useful), but also teach us that there are usually a few kinds of interactions that are more sensitive than most to the details of high-energy physics. Happily a successful description of cosmology seems to hinge on several of these: relatively small scalar masses and vacuum energies.
Criterion 3 would be a fairly obvious one if it were not that similar arguments applied to the cosmological constant and to particle physics at the LHC have not so far borne fruit. It is an open question whether this requires a rethink of naturalness but it is also true that news of its death is premature, at least until an equally clear alternative quantitative framework is available. 3 As argued elsewhere [6, 7, 9] we think there is a well-motivated class of models that does satisfy all of these criteria: the class of exponential potentials: V = V 0 − V 1 e −φ/f . They fare well in data comparisons [10] ; they are known often to emerge generically from extradimensional models with geometric moduli as inflaton [5] and this survives more explicit embedding into string theory with modulus stabilization [17, 18, 19] . The inflaton mass can be protected by symmetries (non-compact Abelian rescaling symmetries) in the same way as for axions (compact Abelian shift symmetries) [9] , with the bonus that the corresponding 'decay constant' is naturally of order M p (rather than M s M p , as for axions). Finally, the parameter f relates r to n s by:
where explicit UV completions give f in a relatively narrow range around M p and so at face value suggest r should be expected to be of order 10 −3 . These models are equivalent, after field redefinition, to the 'α-attractor' models of [8] with α = . Yet the criteria are not vacuous, since for instance quadratic and trigonometric potentials no longer do well with point 1. And many well-known models that satisfy 1 do not seem to satisfy criterion 2 and/or 3, including (but not limited to) the popular Higgs Inflation [20] and curvature-squared models 4 [21] . As we argue below, we also believe criterion 3 is a challenge for some versions of axion monodromy [16] that stray too far from a supersymmetric limit at high energies.
The remainder of the paper elaborates these points in several ways. §2 starts by examining criterion 3 in more detail. In particular it explores how criterion 3 includes several independent issues, only one of which is the small inflaton mass (or η-problem). This section argues why criterion 3 applied to the vacuum energy is a strong condition that (in our present understanding) broadly disfavours models without approximate supersymmetry during inflation. As applied to the inflaton mass §2 briefly reviews the potential importance of pseudo-Goldstone bosons (pGBs) [22, 23] to inflation [4] , and compares the merits of the trigononmetric potentials of compact, axion-like pGBs of [4] with the exponential potentials of non-compact pGBs [9, 24, 25] .
Finally, §3 changes gears and revisits the most concrete UV completion, Fibre Inflation [17] , for exponential models, in order to establish how robust it is to perturbations and how broadly the parameter f can be varied. Although we do find many ways to perturb the model, none pushes the upper limit for r larger than about 0.01. We find the Fibre Inflation scenario is more robust than originally thought in several ways:
1. First, the existence of fibre moduli turns out to be very generic in that the overwhelming majority of Calabi-Yau (CY) manifolds are fibrations [26] . This makes fibre Kähler moduli a very generic class in which to seek an inflaton.
2. Second, models more general than the simplest model of Fibre Inflation turn out to give rise to similar physical implications. Even models without fibre moduli but with at least one modulus other than the overall extra-dimensional volume, may give rise to an inflationary scenario with similar properties as the original Fibre Inflation model [17] .
3. Finally, although the explicit potential is notoriously difficult to compute in Fibre Inflation (it involves string loops computed for a non-trivial compactified geometry) the inflationary consequences depend only on two very robust features. The first is the overall scaling of the potential with the extra-dimensional volume, V, and the second is the exponential form taken by the potential at large fields. The first suffices to show why the fibre moduli are always lighter than generic moduli, and why their mass (at the potential's minimum) is generically of order the Hubble scale during inflation. The exponential form at large field then shows why the fibre-modulus mass becomes much smaller than H in the large-field inflationary regime.
After presenting our conclusions in §4, in Appendix A we contrast these features with the popular Starobinsky scenario [21] which has very similar observational properties but no known UV provenance. We examine this scenario from a string perspective, and explore how robust its effective field theory is to plausible corrections at low energies. The purpose is not to single out this particular model but to illustrate the line of thought one might try to pursue for any of the classes of inflationary models presently on the table. In Appendix B we discuss a possible Calabi-Yau deformation of the toroidal orientifold model where string loop corrections have been computed [27] . This model has a similar behaviour as the generic fibre case but shows a larger value of the effective 'decay constant' f in (1.1) leading to a larger prediction for the tensor-to-scalar ratio r of order 0.01.
Robustness to UV effects
From the point of view of microscopic physics the most revealing robustness constraints ask how the existence of other high-energy states can alter the basic inflationary picture. This section summarizes the usual ways this can happen, how models avoid these problems, then closes with a discussion of the implications of these considerations when the UV completion is a (large-volume) string model. Those familiar with these issues can be forgiven for jumping ahead to §2.2, where they are used to draw a few generic constraints on the extra-dimensional volume in the case the UV completion is an extra-dimensional model.
Generic constraints
The basic observation is that weakly coupled quantum fluctuations of fields with mass M contribute to effective couplings in the low-energy theory like M raised to the appropriate dimension. (String physics tends to cap these contributions at the string scale, M s .) This is considered to be problematic (or 'unnatural' -see e.g. [11] for the argument why) when these contributions are many orders of magnitude larger than the coupling's desired (or observed) value, because this involves a detailed cancellation between the contributions of physics at differing UV scales in a way not seen for any other hierarchies we understand. Technical naturalness is the statement that no such cancellations are required as particles of successive mass are integrated out. The problem is clearly most severe when couplings with positive dimension receive contributions from the heaviest virtual states, since the dangerous corrections are then amplified by positive powers of any large scale M .
For inflation the scales of interest are the inflationary energy density, V ∼ M 4 inf , (related to the inflationary Hubble scale by H ∼ M 2 inf /M p ) and the inflaton mass, m 2 φ ∼ V . Problems arise because inflation requires these to be much smaller than the various UV scales. For higher-dimensional physics the UV scale is at most the string scale, M s , since field-theoretic calculations fail at or below this point. For the 4D effective field theory (EFT) UV physics must similarly intrude at or below the Kaluza-Klein (KK) scale M KK .
Vacuum energies
In the effective theory it is the vacuum-energy term, L = −V 0 √ −g, that has the coupling with the most positive dimension. In four dimensions V 0 ∼ M 4 inf during inflation and absent a naturalness mechanism (like supersymmetry), the existence of large UV scales imposes two almost contradictory naturalness conditions on M inf .
On one hand, the absence of supersymmetry (or any other way found to suppress how quantum fluctuations appear in the vacuum energy) implies quantum corrections to V 0 from UV physics at scale M are generically of order M 4 /(4π) 2 , and so technical naturalness would imply
On the other hand performing an inflationary analysis within the low-energy theory generically also requires the scale of inflation to be below the UV scale, M inf < ∼ M . For instance, an inflationary scale as large as M inf ∼ M s would preclude using ordinary field theory to infer whether inflation has occurred (as is usually done). The stronger condition M inf M KK is usually applicable in practice because most analyses are done within a 4D EFT instead of working with the full higher-dimensional field equations (see however [28] for a fully extra-dimensional inflationary solution, including modulus stabilization).
Strictly speaking, this last limit has a loophole: In very adiabatic settings a low-energy effective field theory need not have V 0 smaller than the UV scale, since physics with larger V 0 actually can be consistently described in the low-energy theory provided the energy within V 0 cannot be extracted. 5 However this is a fairly special situation and it is more generic to have V 0 smaller than the UV scale. The stronger condition would be required in particular if the EFT is to be valid both during inflation and during reheating, say, since the energy density in the potential is then mined to provide the initial heating of the Hot Big Bang. This is usually true even though Hubble friction acts to lower the inflaton energy between inflation and reheating. 6 Although it is a model-dependent issue how (and whether) reheating works in a given inflationary scenario (and so whether the EFT being used for inflation need be trusted to describe the energy extraction during reheating), the vacuum energy suggests the inflationary scale, M inf , cannot be too much below the UV scale within the domain of validity of the EFT. The same conclusion does not hold for supersymmetric vacua, provided the supersymmetrybreaking scale √ F = m 3/2 M p (where m 3/2 is the gravitino mass) is much smaller than the UV scale M . The lower bound is then relaxed because supersymmetry can ensure the corrections to V 0 are instead naturally of order m 2 3/2 M 2 /(4π) 2 . In the extra-dimensional case it is considerations such as these (together with the other restrictions on corrections that supersymmetry often gives) that steer people towards supersymmetric constructions.
Scalar masses
The coupling next-most sensitive to UV effects is usually a scalar mass, and this leads to the traditional UV η-problem faced by most inflationary models. This problem asks why the inflaton mass is so much smaller than the UV scale, given that slow roll requires it to satisfy
this is a much stronger condition than the requirement M inf be much smaller than the UV scale.
The main difference with the vacuum energy is the existence of a new way to protect against UV corrections: by making the inflaton a (pseudo-) Goldstone boson [22] for an (approximate) global symmetry 7 [23] . Goldstone bosons transform under the corresponding broken symmetry inhomogeneously δφ a = ω a + · · · , where ω a denote the broken group transformation parameter and ellipses denote possible terms involving the φ a 's. This shift is a defining feature because it indicates that the vacuum cannot be invariant under the 6 One might hope Hubble friction after inflation might reduce the total energy available for reheating below the amount available in the inflationary potential, thereby allowing reheating to be understood in the EFT even if M < M inf . But in practice this does not really help much. For instance in a single-field model where the inflaton kinetic energy carries inflationary energy into the later Universe, energy conservation states ∂t
2 , so the inflaton's work-energy theorem is:
where · · · denotes the time average between ti and t f . Unless ln(a f /ai) dominates the 60 inflationary e-folds usually required, the kinetic energy at reheating is not that suppressed relative to the inflationary potential. 7 One might wonder how global symmetries can be consistent with UV completions given (say) the no-go theorems [30, 31] for global symmetries in string theory. Although true, these theorems have loopholes like approximate accidental global symmetries (such as classical scale invariance) in the low-energy EFT or very weakly coupled gauge symmetries [31] .
corresponding symmetry, and if such a symmetry is exact precludes the appearance of the corresponding φ a in the scalar potential, V . This is no longer strictly true if the symmetry is only approximate, but the dependence of V on φ a is then suppressed by the small symmetry breaking parameters (whose existence makes the symmetry approximate), and so is potentially much smaller than a generic size. The same suppression holds for the contributions to their mass coming from loops involving UV states if the approximate symmetry is extended to these states as well. 8 This mechanism has made axions popular as inflatons, starting with [4] , typically leading to trigonometric potentials for the breaking of the simplest compact groups. Less well studied are the exponential potentials that arise from the same arguments when applied to approximate noncompact symmetries [9, 25] , which are equally protected and turn out to provide better descriptions of post-Planck precision CMB measurements [10] . It is these kinds of potentials that arise within the fibre class of string models described here, for which it is underlying symmetries of the moduli space (and sometimes extra-dimensional symmetries) that play this role, and and it is this underlying structure that helps protect the robustness of the inflationary predictions of these models [6] .
Nominally irrelevant interactions
Most other effective interactions are irrelevant (in the technical sense) inasmuch as they are suppressed by UV scales rather than enhanced by them. This does not make them irrelevant (in the colloquial sense) to inflation, however, since the need for a teeny inflaton mass smaller than H means that even normally neglected Planck-suppressed operators -or Planck 'slop' -can contribute in a dangerous way. For instance once a near-constant potential, V 0 , is allowed in the effective lagrangian (as inflationary models usually require) one must worry about the presence of the Planck-suppressed interaction:
since this contributes to the inflaton mass an amount δm 2
. The good news here is that most effects of much heavier UV physics can be integrated out before discussing inflation, leaving them to contribute largely through marginal or masssuppressed interactions. Since most of these interactions are too small to be observable, most effects of heavy particles in the UV sector are not important [33, 34, 35] . The bad news is there are a few interactions like (2.1) that cannot be neglected. Unlike for the previous naturalness problems -that are so severe that they usually require a symmetry mechanism in the low-energy EFT -it is generically not possible to decide whether dangerous Planck slop is absent without access to a UV completion of one form or another. 8 It is not unusual to hear that inflationary models are technically natural because the slow roll ensures the interactions within the inflaton potential are small, leading to an approximate shift symmetry in their absence. This shifty claim is not false but also not that useful since inflaton self-interactions are not the dangerous ones from the UV point of view. It is loops of very heavy states coupled to the inflaton that are dangerous, and the issue is whether these couplings enjoy any sort of approximate shift symmetry.
A different way UV physics can intrude into inflationary predictions is if the physics involved is not adiabatic, since this also precludes its description in terms of a low-energy EFT [29] . Although many examples illustrate this effect using Lorentz-breaking modifications to heavy-particle dispersion relations [36] , this Lorentz breaking is not a necessary feature since observable non-adiabatic effects (at least near horizon exit) are also known to be able to modify inflationary predictions [33] .
Ultimately, the absence of these effects is an issue of initial conditions. Here the good news is that inflationary expansion tends to iron away initial field motions, so the longer the inflationary epoch the fewer non-adiabatic motions remain available. But it is always possible (though not generic) to arrange an initial state that is a metastable 'bomb' inasmuch as it initially hides higher-than inflaton energy density only to dump it at later times nonadiabatically onto an inflationary scenario. Part of the robustness of the models of interest here relies on the assumption (shared also by essentially all other models) that such a special initial state is not prepared.
Large field excursions
A further complicating feature when discussing interactions within inflationary EFTs is often the need to discuss the motion of a canonically normalized field over Planckian distances in field space, ∆φ ∼ M p , such as is usually required [37] in models with observably large tensor-to-scalar ratio, r. Exploration of such a large field range can be safely done within a low-energy EFT provided only that large fields do not come with too large an energy cost, but it is of course never a good approximation to explore the EFT by expanding in powers of φ.
String theory shows that it is very easy to have large fields in a controlled low-energy approximation, and moduli are among the simplest examples of this. For supersymmetric configurations the energy does not depend at all on the value of the modulus field, so large fields are perfectly consistent with the low-energy limit. Typically they first appear in the kinetic term in the form
where G ab (φ) is a metric for the target space within which φ a (x) takes its values. The beauty of (2.2) is that G ab transforms like a tensor under field redefinitions φ a → ξ a (φ), so lends itself to expressing physical quantities in a field-redefinition independent way. Often symmetries dictate G ab up to normalization (or up to a few parameters), such as when φ a are Goldstone bosons (for which G ab is a G-invariant metric on the target space, which is the coset G/H when a symmetry group G breaks to an unbroken subgroup H). In such cases G ab can be written explicitly without needing to rely on an expansion in powers of φ a . The covariance of this formulation also emphasizes how field redefinitions can be done to change large fields into small ones (and vice versa). In this language canonical normalisation amounts to choosing a Cartesian target metric, G ab ∝ δ ab (which can always be done locally, though not globally unless the target space is flat). In general, if φ a describe a range of field space where distances measured with G ab can diverge, we can always map to ψ a (φ) where ψ a runs over a finite range. Once this is done the new metric, G ab (ψ), is generically singular near some points and this is how the theory remembers the infinite field range available to φ a .
More generally, string theory is full of examples of large fields whose energies are not exactly zero, but are nevertheless small. A commonly encountered example is an extradimensional radius, ρ, for part of the extra-dimensional geometry. In this case field theoretic calculations require ρ is much larger than the string length, s , and so the potential can be fruitfully expanded in powers of s /ρ:
It is often the case that the distance to ρ → ∞ is infinite, measured with the target-space metric, yet the large-field regime in this case can be the only place where the usual field-theoretic calculational tools work. (While having large fields is easy, what is usually hard 9 in string models is to get inflation; that is, it is hard to obtain a constant part of the potential like 10 V 0 .) It is not unusual (though not inevitable) to find exponential potentials in this kind of construction [5, 9, 6] . For instance compactifications for simple geometries like spheres give kinetic terms of radii of the form 1 2 f 2 (∂ρ) 2 /ρ 2 with f = kM p where k is an order-unity constant, making the canonical variable
and V (ρ(φ)) into a series in powers of exponentials, e −φ/f . Clearly for such a field φ f ∼ M p is precisely the regime where the potential is under control (since then ρ s ). Notice also that because their kinetic terms arise as part of the higher-dimensional Eintein-Hilbert term M p is the natural choice for kinetic normalisation for these moduli, unlike for axions in string theory (for which the natural choice is M s ). This gives these moduli a leg up over axions when seeking trans-Planckian field displacements, since trans-Planckian motion for φ just corresponds to ρ moving over many string lengths.
Of course the freedom to redefine fields always allows a large-φ choice for V (φ) to be translated into a choice for a small-ρ singularity in the target-space metric, G ab , allowing the one-parameter family of asymptotic exponential potentials to be recast as a one-parameter family of singularities near ρ = 0, as is done e.g. in the α-attractor formalism of [8] .
Applications to extra-dimensional models
We next turn to what some of the above naturalness constraints imply for generic extradimensional (including string) models. Although these arguments are not restricted to string 9 What makes this hard is the need for a convincing model to stabilize all moduli, since inflation requires knowing there are no directions in field space steeper than the desired inflationary trajectory. Progress on this point in inflationary string theory began with [12, 14] . Extra-dimensional inflationary models built from moduli that do not address modulus stabilization have not yet gotten to the difficult part of the problem.
10 This is what usually makes the overall volume and the dilaton not appropriate inflaton candidates. Even though they both have a natural trans-Planckian domain they appear explicitly in all terms in the scalar potential through terms like the e K overall factor of the F-term potential and therefore it is difficult to have a V0 term. However all other combinations of Kähler moduli that do not appear in K at leading order and are good starting points for inflaton candidates.
theory, for later purposes it is useful to cast the role of UV scales in terms of string parameters like the string coupling, g s , and squared string length α ∼ 2 s = M −2 s . For 4D applications in unwarped compactifications these are related to the Planck and KK scales by:
where V is the Einstein-frame extra-dimensional volume in string units and perturbative reasoning assumes g s 1 and V 1.
Non-supersymmetric naturalness constraints
For models without a suppression mechanism for the vacuum energy (like generic supersymmetric models) we have seen that technical naturalness keeps the inflationary scale from straying too far from the UV scale. For 4D models where the UV scale is M KK we have:
with, as mentioned above, the first condition coming from asking quantum corrections to be subdominant during inflation and the second bound from the validity of the EFT. Therefore it is essentially impossible to simultaneosuly satisfy both conditions. At best we may still consider M inf ∼ M KK . Once M inf is determined by inflationary observations we immediately learn a relation between V and g s :
where we take as benchmark M inf ∼ 10 16 GeV ∼ 0.01 M p , corresponding to H ∼ 10 14 GeV ∼ 10 −4 M p . Notice that for these numbers the conditions g s 1 and V 1 do not allow too much room for g s and V.
Notice that this reasoning applies very generally, for any unwarped extra-dimensional model without fine-tuning and without a suppression mechanism for the vacuum energy. In particular it should be generic to non-supersymmetric constructions (i.e. with supersymmetry breaking for the 4D sector at or above the KK scale).
Supersymmetric naturalness conditions
Consider next the situation where at least one supersymmetry breaks at a small enough scale to be described in the low-energy 4D theory, so that the 4D EFT is an N = 1 4D supergravity described by a Kähler potential, K, and superpotential, W .
In particular we assume the gravitino mass m 3/2 (Φ) ≡ e K/2 W/M 2 p is necessarily much smaller than M KK . (We write here explicitly the dependence on the various scalar moduli, Φ, to emphasize we typically wish to work far from the potential minimum for inflationary applications.) It turns out, however that the condition the inflationary potential be below the UV scale, V M 4 KK , provides a stronger condition than does m 3/2 M KK . 11 To see why recall that in 4D supergravity the potential can be written as:
and in the absence of unnatural (functional) tunings the above bound is separately satisfied by each of the positive-definite terms in V . In particular, then, we see
On the other hand taking M 4 inf to be bigger than the generic size of quantum corrections, which in supersymmetric theories are of order m 2 3/2 M 2 /(4π) 2 with M ∼ M KK , now implies m 3/2 M KK 4πHM p , or the following lower limit on H:
where the second inequality uses (2.8). This is easily satisfied 12 as long as the scale of supersymemtry breaking -which is set by m 3/2 (Φ) -is far enough below the inflationary scale M inf .
Generalised Fibre Inflation
This section asks a different kind of robustness question. Within the framework of Fibre Inflation models in type IIB UV completion, this section explores the robustness of the construction, and how broadly the parameters for the low-energy inflationary potential can be varied. Although we find that inflation is robust, in so far as it occurs over a wider class of string constructions than in [17] , we find only marginal enhancement in the largest value (r 7 × 10 −3 ) found in [17] . This supports the robustness of this inferred upper limit for r in these models.
Fibre Inflation revisited
Fibre inflation [17] was discovered as a particular realisation of inflation in the general Large Volume Scenario (LVS) [15] of moduli stabilisation of IIB CY orientifold compactifications. We here summarise the main properties of this scenario concentrating on the fibred CY case and inflationary applications. The LVS scenario sits within type IIB string theory and exploits the well-developed tools [12] that exist there for modulus stabilisation. The LVS focuses on weakly warped geometries 11 See also [38] for similar considerations. 12 Actually the dimensional analysis changes if it happens that H m 3/2 (as can be consistent with (2.9)). This is because with background curvature R ∼ H 2 there is also a UV contribution of order
which can dominate. When it does the above bound instead degenerates to MKK 4πMp.
and systematically organises the stabilisation of moduli order by order in g s and α : that is in powers of the string coupling and inverse powers of the volume of extra-dimensional cycles, τ i , in string units. Included in particular among these stabilised moduli is the total extra-dimensional volume V.
One of the main results one finds in this program is that V arises as the exponential of the volume of another cycle, τ s , where the validity of the α expansion requires τ s to be larger than unity (in string units), though it need not be enormously large. Ultimately τ s is fixed by choices of flux quantum numbers and easily takes a range of moderately large values, and as a result the total volume V samples an exponentially larger range. All other masses do so as well because they typically vary as a power of V.
One is led to an interestingly varied hierarchy of masses, for which the most important dependence to track is usually the power of V. With 4D applications in mind it is useful to use 4D Planck units. As mentioned earlier the string scale then is
A fibrous overview
Before diving into the more detailed construction (and its generalizations), we first collect here the main points that motivate (and define) Fibre Inflation models within the LVS. The scenario seeks the inflaton among Kähler moduli because these moduli are the ones that only get stabilised by α and g s effects, and (being moduli) should be light relative to the KK scale. When doing so two observations are central: (i) it is an 'experimental' fact that most CY moduli correspond to fibrations (as defined in more detail below); and (ii) relative to other masses the fibration moduli first acquire their masses only at sub-dominant order in the g s and α expansion. This has several important implications:
• The good news is that these moduli are systematically light, even relative to generic moduli, and so it is relatively easy to decouple all the other dangerous moduli from the inflationary dynamics. Closer inspection [17] shows the potential that generates their mass turns out to be of generic size V ∼ M 4 p /V 10/3 .
• More good news is that the canonically normalised fields are often logarithms of the geometrical volumes of the corresponding cycles, making the potential depend exponentially on the canonical fields and ensuring their mass at the local minimum is of order m φ ∼ M p /V 5/3 . This is also the generic order of magnitude of the Hubble scale, showing that H scales with V in the same way as the fibre-modulus mass m φ . But because the potential is exponential far from the minimum, V ∼ m 2 φ M 2 p (1 − ae −bφ/Mp ) with a and b O(1) constants, slow-roll is ultimately achieved along the lines forecast in [5] because of the small size of e −bφ rather than through any parametric hierarchy between m φ and H.
• It is potentially bad news that in principle one needs to perform a string loop calculation to compute inflationary details. This is not quite as bad as it sounds, though, since the dependence on the variables of interest (such as V) can be inferred for the fibred geometry of interest starting from explicit calculations on toroidal spaces [27] largely using scaling arguments [39] and a proper matching with the low-energy ColemanWeinberg potential [40] . But there is also an upside: the attractive inflationary features only rely on a few robust features (the leading order kinetic term -which determines the canonical variable and so leads to the potential's generic exponential form -and the fact that the potential typically comes as inverse powers of the moduli). Furthermore typical uplifting terms in flux compactifications only depend on the overall modulus and dilaton but not on the other Kähler moduli giving rise naturally to a constant term in the scalar potential.
Model construction
The total set of closed string moduli consists of the dilaton S, complex structure moduli U and Kähler moduli T . The number of U and T fields changes with compactification but they are generically of the order of hundreds or thousands. Quantised fluxes of the two three-form fields present in IIB string compactifications generate a superpotential in the low-energy effective action that leads to the stabilisation of S and all U fields. The T fields can be classified into at least two groups that can roughly be called 'small' (or blow-up moduli) and 'big' of which a good representative is a fibre modulus. It is known that most CY manifolds are fibrations of submanifolds (elliptic or K3 fibrations) [26] . A simple way to identify a fibre modulus is as follows: the overall volume of the manifold can be written as:
in which the t i are volumes of internal 2-cycles, κ ijk are the intersection numbers of these cycles and h 1,1 the corresponding Hodge number counting the number of 2 (and 4)-cycles. If a modulus t * appears only linearly in this expression then the corresponding manifold admits a K3 or a T 4 fibration over the base P 1 whose volume is given by t * . If the Euler characteristic of the fibre is χ = 24 then it is a K3 surface whereas if χ = 0 the fibre is T 4 [41] . The volumes, τ i , of the 4-cycles dual to these 2-cycles are defined by τ i = ∂V/∂t i , These define the real part of the geometry's complex Kähler moduli:
where D i is the 4-cycle (divisor) whose volume is given by τ i while C 4 is the Ramond-Ramond 4-form. The simplest realisation of a K3 fibration includes three Kähler moduli t 1 , t 2 , t 3 with:
with α, γ simple functions of λ 1 , λ 2 , α = 1/(2 √ λ 1 ) and γ = 2 3 λ 1 /(3λ 2 ). 13 Topologically, this CY three-fold has a P 1 base of size t 1 , a K3 or T 4 fibre of size τ 1 and a point-like singularity resolved by a blow-up mode whose volume is given by τ 3 . For explicit CY three-folds with volume of the form (3.3) see [42] .
For large volume models we restrict attention to orientifold projections that project out none of these Kähler moduli and focus on the large-volume regime, for which t 1 τ 1 αγτ
in which case V t 1 τ 1 . The scalar potential is determined by the expressions for the Kähler and superpotential:
with W 0 , A and g s determined by the fluxes after the stabilisation of S and the U fields. Here ζ and a are model dependent constants. Notice that the fields T 1 and T 2 only appear in the combination V. This immediately implies that at this stage of approximation (leading order in perturbation theory) one combination of T 1 and T 2 remains flat. This is the candidate for an inflaton. The scalar potential after stabilising S and the U fields and the axionic components of the T 3 field, looks like:
where the phase of W 0 is absorbed in the stabilisation of the imaginary part of T 3 . V up is the uplift term in the scalar potential. Several sources of V up have been identified ranging from anti D3 branes [13] (for recent developments see [43] ), T-branes [44] , non-perturbative effects on hidden D3s [45] etc. For our purposes we will only use it to enable the tuning of the final minimum of the scalar potential after adding the string loop corrections discussed later, to essentially zero. At the minimum the volume V and τ 3 have the standard large volume values:
and
As mentioned one combination of τ 1 and τ 2 is not determined at this level of approximation. This remaining flat direction can be lifted by including subleading string loop corrections to the Kähler potential [17, 46] . Let us analyse the structure of these corrections in order to evaluate the robustness of this inflationary model.
String loops
The leading string loop effects arise at order O(α 2 g 2 s ), and so they are both g s and α corrections to the effective action. They have been computed explicitly only for simple toroidal orientifold cases like N = 1 compactifications on T 6 /(Z 2 × Z 2 ) where they take the form [27] :
The two contributions in (3.7) have a different microscopic origin since K KK 1−loop originates from a 1-loop diagram of open strings stretched between D7-branes (or O7-planes) and D3-branes (or between non-intersecting D7-branes), and in the closed-string channel can be interpreted as due to the tree-level exchange of closed strings carrying KK momentum. On the other hand, K W 1−loop comes from the exchange of closed strings wound around a non-contractible 1-cycle at the intersection between different stacks of D7-branes (or between D7-branes and O7-planes). In 4D Einstein frame they look like (with s ≡ Re(S)): s and τ str = g s τ . Thus in the original string frame these corrections scale as (fixing the dilaton and considering all 4-cycles of the same size): 9) implying that in the regime where the EFT is under control KK corrections are dominant with respect to the winding ones. Moreover, for an arbitrary CY compactification, K KK 1−loop is more generic than K W 1−loop since KK states are a ubiquitous feature of string compactifications whereas the presence of intersecting stacks of branes and non-contractible 1-cycles at their intersection locus are features which depend both on the particular brane configuration and on the topology of the internal space.
Let us stress also that the volume scaling of K KK 1−loop can be estimated via a simple lowenergy argument [40] . String loop effects should reproduce standard QFT loop corrections at low energies. These generate corrections to the scalar kinetic terms which are suppressed by the coupling of the gauge interaction these scalars couple to. For gauge theories living on D7-branes the corresponding gauge coupling is given by the 4-cycle τ wrapped by the D7-brane whereas for D3-branes the gauge coupling is given by the dilaton. Given that the kinetic terms are derived by taking second derivatives of the Kähler potential, we have:
and:
which imply:
Clearly (3.12) reproduces the exact s and τ -dependence of K KK 1−loop in (3.8). However this simple logic cannot be followed to estimate the volume scaling of K W 1−loop since at low energy we do not expect to see the effect of corrections due to the exchange of winding strings as
Rewriting the scaling relations (3.9) as: 13) and noticing that the KK and winding mass scales can be written respectively as m 2 KK ∼ t
−1 str
and m 2 W ∼ t str , the toroidal results (3.8) can be rewritten in Einstein frame as:
where m −2
KK,i
∼ t i is the 2-cycle transverse to the D7-brane wrapped around τ i while m −2 W ,ij ∼ τ i ∩ τ j ∼ t ij is the 2-cycle where the two D7-branes wrapped around τ i and τ j intersect. The expressions (3.14) reflect now clearly the understanding of these effects as due to the tree-level exchange of KK and winding strings (the V-factor comes from the Weyl rescaling to 4D Einstein frame). Moreover [39] used the results (3.14) to conjecture the form of the string 1-loop corrections to the Kähler potential for an arbitrary CY compactification where now the index i runs from 1 to the total number of wrapped D7-branes while k goes from 1 to the total number of intersections between stacks of D7-branes. This logic does not allow us to determine the exact moduli-dependence of C KK i (U ) and C W k (U ) but this is not a problem since the complex structure moduli are stabilised at tree-level by background fluxes, and so these two unknown functions can just be regarded as O(1) constants.
The conjectured expressions (3.14) suggest that string 1-loop corrections to the Kähler potential for an arbitrary CY are homogeneous functions of the 2-cycle moduli of degree n (n = −2 for K KK 1−loop while n = −4 for K W 1−loop ). Using this piece of information, [40] showed that the leading order contribution of each of these effects to the scalar potential behaves as:
We immediately realise that in the KK case with n = −2 there is a leading order cancellation which [40] dubbed extended no-scale structure. This cancellation does not take place for winding corrections which could be naively considered as the leading order effect in the scalar potential. However, as we showed in (3.9), K KK 1−loop dominates over K W 1−loop for large cycle volumes, and so we need to take into account also the first non-vanishing KK contribution to V . Because of the extended no-scale cancellation, this can originate from both subleading 1-loop contributions and leading 2-loop effects. The subleading 1-loop contribution to V has been derived in [40] and reads:
Noticing that K KK 1−loop in (3.14) can be rewritten as:
we see that the total 1-loop contribution to the scalar potential can be written as an expansion in derivatives of the tree-level Kähler metric as:
where α 1 = n 4 (n + 2) = 0, α 2 = 1 and α 3 an O(1) constant. As shown in [40] for different CY examples, the terms in the expansion (3.18) match the volume scaling of the terms of the low energy 1-loop Coleman-Weinberg potential:
when the cut-off Λ = m KK and Str M 2 m 2 3/2 are written in terms of the Kähler moduli. Moreover, the first term in (3.18) has a vanishing coefficient since Str M 0 = 0 in any supersymmetric theory (even if SUSY is broken), so providing a better understanding of the extended no-scale cancellation based on supersymmetry.
Due to this leading order cancellation of the 1-loop KK contribution to the scalar potential, 2-loop corrections could also give rise to competing effects. In fact, (3.16) scales as: 19) which in string frame and for fixed dilaton gives a term which behaves as a 2-loop correction since:
The volume scaling of 2-loop KK corrections to the Kähler potential used in (3.20) can be estimated by following the same logic used in (3.10) and (3.11): 21) and:
which imply a g s and volume scaling in perfect agreement with (3.20):
It is therefore sensible to expect that 2-loop KK corrections at linear order behave as 1-loop KK corrections at quadratic order even if there is no exact toroidal computation at 2-loop level which we could try to generalise to the arbitrary CY case.
Inflationary potential
Applying these considerations to our K3 or T 4 -fibred case, we find that 1-loop winding corrections to V read: 24) while the combined effect of 1-and 2-loop KK corrections looks like: 25) where (calling the coefficients of the 2-loop effects as D KK i ):
Notice that we cannot determine the sign of the three coefficients A, B and C which we however expect to be O(1) numbers. Parameterising the flat direction to be lifted as τ 1 , the minimum of the total string loop potential lies at:
For g 4 s 1 we have:
which require A > 0 for B > 0 and C > 0 for B < 0. Notice that these conditions are always satisfied if in (3.25) the first non-vanishing 1-loop KK contribution dominates over the 2-loop effect. Rewriting these minima in terms of the original fields τ 1 and τ 2 we have:
• B > 0:
• B < 0
Therefore in the case with B > 0 inflation should take place from right to left with the inflaton τ 1 that during inflation relaxes from larger to smaller values, while in the case with B > 0 during inflation τ 1 increases from smaller to larger values. Keeping the volume fixed, canonical normalisation gives [40] :
Substituting this relation in the string loop potential and expanding the inflaton around its minimum as φ = φ +φ, we have (adding also the positive uplifted term (3.5) which is then tuned to get a zero cosmological constant at the minimum):
where:
and R = 16g
• B < 0:
and R = 4g
Both of the potentials (3.31) and (3.33) are flat enough to drive inflation. In the case with B > 0 inflation takes place for positive values ofφ and during inflation the original fibre modulus τ 1 decreases in size. On the other hand for B < 0φ is negative during inflation and τ 1 increases in size. The two potentials give rise to a different inflationary phenomenology. Given that R is naturally small in the region where perturbation theory is under control, i.e. for g s 1, for B > 0 the potential (3.31) features a plateau region at largeφ where the inflationary potential can be approximated as:
This gives the following simple relation between r and n s : 36) which is a particular example of the general relation (1.1) for an effective 'decay constant' f = √ 3 M p . The total potential (3.31) with R = 2.25 · 10 −5 is plotted in Fig. 3 .1 while Fig.  3 .1 gives the behaviour of and η.
On the other hand for B < 0 the potential (3.33) in the inflationary regime for negativê φ behaves as a negative exponential:
which leads to a clear prediction for r that is in disagreement with observations [2] since:
The case with B < 0 is therefore experimentally ruled out. 
Robustness
Let us make a few comments on the robustness of these models:
• KK loop corrections are generically present in any CY compactification while winding loop corrections are more model dependent since they depend on the brane setup and the topology of the internal space.
• Winding loop corrections are under better control than KK loops since, due to the extended no-scale cancellation, 1-and 2-loop KK effects lead to competing contributions to the scalar potential.
• When they are present and have the correct sign, winding loop corrections generate a plateau region which is suitable to drive inflation. The robust prediction of this inflationary scenario is the relation (3.36) between r and n s .
• In order to have a model, instead of just a scenario, with an exact prediction for r and n s , we need to add KK loop corrections which develop a minimum of the inflationary potential.
• Even if KK loops are under less control than winding effects, the total inflationary potential (3.31) is still robust since:
1. String loops are both V and g s -suppressed with respect to α effects which develop a potential for the volume mode. This ensures the presence of a mass hierarchy between the inflaton τ 1 and all the other moduli. The inflaton is at leading order a flat direction, and so it is flat enough to drive inflation and all the other moduli can be safely decoupled from the inflationary dynamics. Moreover, there are no problems with trans-Planckian values ofφ since higher order operators are suppressed due to an approximate shift symmetry forφ (broken only by small loop effects) [9] .
2. Perturbation theory is under control throughout all the inflationary dynamics and also in the minimum since g s 1 and both τ 1 and τ 2 are always in the large volume regime. Thus higher order winding and KK loops are subdominant with respect to the leading effects which generate the potential (3.31). In particular the requirement to match the observed amplitude of the density perturbations fixes V 10 4 for g s 0.
1. This value of the internal volume in turn sets all the relevant energy scales: the string scale M s ∼ 5 · 10 15 GeV, the KK scale M KK ∼ 10 15 GeV, the inflationary scale M inf ∼ V • In the CY cases where winding corrections are absent, an inflationary potential with a structure similar to the one in (3.35) can be obtained by including higher derivative α effects which are generically present in any CY compactification [47] . In fact, [48] used these F 4 terms to generate potentials with an inflationary plateau which can lead to:
corresponding respectively to effective 'decay constants' f = √ 3 M p /2 and f = √ 3 M p . In both cases, similarly to [40] , the minimum of the total inflationary potential is obtained by including KK loop effects. We therefore conclude that the general relation (1.1) is a robust prediction of this class of models since it holds also in the absence of winding loop corrections. The exact values of the effective 'decay constant' f and the spectral index n s are instead more model-dependent features which depend on the particular effects used to develop the inflationary potential and the topology of the underlying CY space. Another example of an inflationary model satisfying the r-n s relation (1.1) but with a larger effective 'decay constant' f is presented in Appendix B.
Comparison with other models
Fibre Inflation, as well as the original Kähler [18] and polyinstanton [19] inflation scenarios, can be seen as stringy realisations of a general class of potentials of the form V ∼ V 0 − V 1 e −(φ/f ) n + · · · ; and (as argued earlier) because this class includes exponential potentials it also includes the Starobinsky model and what have come to be called 'α-attractors'. Models in this class with n = 1 have V ∼ V and so ∼ η 2 which gives the r-n s relation:
with α given as in the introduction in terms of f /M p . Models with larger n do not quite so simply relate V and V , but usually predict smaller values for r. Fig. 3 .3 -adapted from [49] -plots these predictions in the r-n s plane, showing the range of r that would have to be probed to distinguish several benchmark models. Stringy realisations identified to date only cover a relatively small range of values of n s and r in this plot, since arbitrary values of α are not (yet) available from string constructions. So far two general classes of stringy models have emerged: in one r is essentially zero and never within observational reach; for the other -which includes Fibre Inflation [17] (for which α = 2 and r is predicted to be r ∼ 6 × 10 −3 ) -fits precisely in the observationally interesting region that will be testable in the next few years. Observation of tensor modes (and the measurement of r) could therefore provide a good way to distinguish amongst the various proposals.
Generalising Fibre Inflation
In this subsection we will investigate how to generalise the Fibre Inflation model. The general idea is to look for inflatons as real parts of Kähler moduli, as in Kähler and Fibre Inflation, in as model independent a way as possible. The point we have emphasised before is that, focusing on the tree-level and including also the leading α correction (proportional to quartic terms in the internal curvature), the Kähler potential depends only on one combination of the many moduli, that is the overall volume V. Thus, at this level of approximation, the scalar potential depends just on V, and the leading order term in V , after the volume is stabilised, gives a constant. The dependence of V on the other Kähler moduli comes from subleading effects like string loop corrections [27, 40, 46] , D-terms [50] , F 4 terms and higher order α corrections [47] , etc. Hence it is natural to have a potential for a generic modulus τ different from V of the form:
with A, B and a positive coefficients (assuming all other moduli have been stabilised by other effects). The · · · include terms that stabilise τ but are subdominant in the inflationary regime. This is the situation in Fibre Inflation and we believe it to be more general.
The natural geometric variables determining the Kähler moduli are the 2-cycle coordinates t in terms of which V and K can be written explicitly as in (3.1) and (3.4) . The idea is to use as the inflaton a canonically normalised field corresponding to a proper combination of the τ fields. Similarly to Fibre Inflation, this field is stabilised only after string loops and higher order α effects are included. Given that the expression of V is explicit in terms of the t fields and only implicit in terms of the τ fields, it is simpler to work directly with the t fields, identify an inflaton candidate and go to the canonically normalised field φ without the need to pass through the τ fields. We will also be interested only in the inflationary regime (not in the full potential for φ). Some useful relations are:
For CY manifolds, the matrix V ij has eigenvalues (+, −, −, · · · ). Moreover, it is easy to verify that:
The line element determining the kinetic terms is well defined for the τ variables in terms of derivatives of K. Based on this we can find an expression in terms of the t variables:
ζ/2 and using the expressions above we can see that:
Therefore we have a simpler expression for the line element ds 2 in terms of the t fields:
Given that we are interested in the inflationary regime where V is kept constant, i.e. dV = V m dt m = 0, (3.45) symplifies to:
We concentrate on the two-field case (assuming other ones are fixed by non-perturbative effects or D-terms as in LVS constructions). In this case their differentials are related by the dV = 0 condition and substituting in (3.46) we can determine the canonically normalised inflaton field φ for which ds 2 = 1 2 dφ 2 . Notice also that in this case det V mn < 0, and so the kinetic terms turn out to be correctly positive definite.
The most general expression for V as a cubic on the t fields in the two-field case reads:
where we did not write down the t 3 1 term since it could be generated by a simple shift like t 2 → t 2 + γt 1 . Let us consider different cases:
1. a = c = 0: this case corresponds to the simplest fibration where
This is exactly what we had in Fibre
Inflation for which τ 1 ∝ t 2 2 = e 2φ/ √ 3 .
2. c = 0: this is the most general fibred. It is straightforward to see that we get again t 2 ∝ e φ/ √ 3 .
3. b = 0: in this case we get: 48) which can be 'easily' integrated to give (with x ≡ a t 3 2 /V): The extra factor of 2 in the exponential might give rise to higher values of r (just a factor of 2 more than Fibre Inflation in the best case) depending on the exact functional dependence of the inflationary potential on t 2 . In the x → 0 limit there is an exponential behaviour, and so ∝ η 2 as in the fibred case.
4. a = 0, b = 0, c = 0: this is the most general case. One can easily evaluate the leading terms for large V (V t 3 2 > 1). Solving for t 1 we have to leading order t 1 V/(ct 2 ). When V is fixed we have also:
Thus the dominant term in the metric up to errors of O 1/ √ V is:
Hence we obtain again to leading order in the large volume expansion t 2 ∼ e 2φ/ √ 3 which leads to an inflationary potential similar to the one of the original Fibre Inflation case.
In summary we have shown that the type of potential and cosmological parameters obtained in [17] is fairly generic in type IIB LVS string compactifications.
After inflation
As we have seen, in the general class of Fibre Inflation models, the moduli that play the rôle of the inflatons tend to be the lightest modes with m φ ∼ M p /V 5/3 . At the end of inflation, these light moduli dominate the energy density of the Universe until they settle to their minima and reheat the Universe (both observable and hidden sectors) at temperatures of order [51] :
Given that the requirement of matching the observed amplitude of the density perturbations in Fibre Inflation models leads to a relatively small volume V < ∼ 10 4 , all the mass scales are relatively high: the gravitino mass is very large m 3/2 ∼ M p /V 10 14 GeV, the mass of the fibre modulus is of order m φ 5 · 10 11 GeV while the reheating temperature turns out to be T r 10 7 GeV. Thus these models are safe from the cosmological moduli problem (successful Big-Bang Nucleosynthesis requires m φ 50 TeV [52] ) and the reheating temperature might be even large enough to allow thermal leptogenesis [53] . However even if the SM is sequestered from the supersymmetry breaking sector [54] , the superpartners are heavier than M soft ∼ M p /V 2 10 10 GeV. Thus these models do not allow for low-energy supersymmetry and represent a typical example of the known tension between large scale inflation and low-energy supersymmetry [55] .
Conclusions
The limited observational information available to cosmology limits what can be inferred about the very high energies whose physics underlies primordial fluctuations, and so satisfactory explanations should be robust enough not to depend much on these details. In this paper we point out that a class of inflationary models with this property emerges generically in string constructions as precision measurements butt up against model predictions. Being a generalisation of Fibre Inflation [17] , these models feature a simple inflationary potential with a constant term and negative exponentials, V V 0 − V 1 e −φ/f . These turn out to (i) describe the data well; (ii) do so robustly (without requirements such as detailed fine-tunings of parameters); (iii) arise plausibly (or, better, generically) from sensible UV completions at very high energies and (iv) make interesting new predictions.
In these models the inflaton is a Kähler modulus different from the overall volume (as a fibration modulus for example) which enjoys an effective rescaling symmetry that protects its flatness [9] . Moreover this scenario appears rather generically in string compactifications since most known Calabi-Yau manifolds feature a fibration structure [26] .
These models robustly predict η 2 and so also the relation r ∝ (n s − 1) 2 , where the proportionality constant is fixed by the constant f /M p of the exponentials in the inflationary potential (3.31). The smaller f is the smaller r is, and r 0.01 corresponds to trans-Planckian effective decay constant f . Our surveys of the parameter space available to Fibre Inflation models produce the comparatively narrow range r 0.005 to r 0.01, and we were unable to reach much larger (or much smaller) values. In this sense this class of models is very predictive in the sense that it can be ruled out if tensor modes are observed in the next few years but also if they are not observed in the next 10-20 years. It would be interesting to establish how generally the entire range of values for f are possible in string constructions. Answering this question seems to be rather hard since f could be increased or decreased by complicated mixing effects between the Kähler moduli [56] . Definitely f can be very small like in Kähler moduli inflation [18] where the inflaton is a small blow-up mode, but the interesting question is to understand how large it can be since large values of r correspond to large values of f . We leave this investigation for future work.
In this paper we also compare our general inflationary scenarios with particular lowenergy models which share some common features like Starobinsky R + R 2 inflation [21] and α-attractors [8] . In Appendix A we review the fact that deriving Starobinsky inflation from a UV complete theory requires the existence of at least two suppression scales: first a scale M ∼ 10 13 GeV M p in order to make the R 2 term compete with the standard R term, and a second scale which has to be larger than M in order to be able to neglect higher curvature terms. However the curvature expansion obtained at low-energy from string theory is characterized by just one suppression scale which coincides with the string scale itself. We therefore concluded that it is more promising to consider models from strings by looking at scalar-tensor theories like Fibre Inflation [17] which do give rise to at least two different suppression scales thanks to the appearance of factors containing the VEV of the overall volume V and the dilaton that fixes the string coupling g s .
Finally, we also stressed that the self consistency of large field inflationary modelsin particular the stability of classical string-inflation scenarios against ultra-violet quantum corrections -can give rise to strong constraints for non-supersymmetric inflationary models.
• Notice that the long flat plateau at large φ is only a property of the Starobinsky case a n = 0 for n > 2. More generally positive exponentials appear, reflecting that the series expression is best-behaved for large negative φ, and is ill-behaved when φ is large and positive 14 . The inflationary asymptotics of the Starobinsky model seem not to be robust enough to survive higher corrections in higher powers of R.
The breakdown of the expansion of U (φ) of the second bullet point is closely related to the well-known [58] breakdown of the series in R at the inflationary saddle point, for which R/M 2 ∼ O(1). This is the generic situation: any UV physics that provides only a single scale in the low-energy derivative expansion cannot support controlled solutions whose existence requires balancing different terms of this expansion against one another.
Because of this, proponents of this model hope instead that the UV physics delivers a curvature expansion more along the schematic lines of:
wherein it is only the second term of the series that is enhanced relative to, say, the Planck scale. Although this seems a self-consistent choice there is no evidence that UV physics with the required properties exists.
A.3 Higher curvatures from string theory
String theory provides a concrete example of UV physics that generates curvature expansions as part of its low-energy EFT, many of whose coefficients have been computed. One can use this as a laboratory to explore for systematics amongst the coefficients of this curvature expansion. For these purposes consider a string theory compactified on a six dimensional internal space X. We then assume that the volume of X and the dilaton to be essentially stabilised (or at least only vary slowly) during inflation. In effect we are considering models where the inflaton is some combination of Kähler moduli, other than the volume. In general one finds higher curvature terms involving the Riemann and Ricci tensor as well as the Ricci scalar, in accord with the general EFT expectation to find all interactions consistent with symmetries and particle content.
14 Generically for f (χ) = χ + a2χ 2 + · · · the scalar potential V (φ) has a minimum with zero vacuum energy at χ = φ = 0 (ϕ = 1), one maximum or inflection point for finite value of φ and then it asymptots to zero at ϕ, φ → ∞ or instead of a maximum an inflection point. Except for the Starobinsky case for which an = 0, n > 2 for which it asymptots to a positive constant, explaining the flatness of the potential in that case. This can be directly seen at least for polynomial f by solving ∂V /∂φ = 2/3(2f − ϕχ)/ϕ 2 = 0 (see also for instance [59] for a particular discussion). In the generic case the Starobinsky plateau is replaced by the maximum/inflection point at finite φ and depending on the flatness around this point inflation is realised or not. This explains the need of having the coefficients an, n > 2 hierarchically smaller than a2. The expansion in positive exponentials is only valid around the region ϕ = 1 and should not be used in the region close to the maximum. The large φ behaviour is usually different from the fibre case discussed in the text which is another way to differentiate the models.
The leading curvature terms in the effective action for 10D strings below the string scale turn out to be given schematically (in string frame) by: where the R 2 terms are not present at all for IIB strings but do exist for Heterotic and type I strings (with respective labels s = H, I). The α 3 term is a complicated combination of four curvatures with t ... a tensor constructed out of the metric tensor (whose detailed form is not required here). Also κ 2 10 = (2π) 7 α 4 and the inverse string tension in the string frame is 2 s = 1/M 2 s = 2πα . The metric on the internal manifold X is scaled such that g ij = V 1/3ĝ ij with the latter metric normalised such that X √ detĝ = (2π) 6 α 3 , so in theĝ metric we expect the internal space curvature "R X " ∼ 1/α . Using these relations and the above metrics in (A.16) and keeping explicitly only terms involving the 4D curvature we have (schematically) the following structure (with all curvatures being 4-curvatures): We assume the dilaton and the volume V are essentially stabilised with e Φ → g s and we identify the 4D gravitational constant M −2 p = 2πα g 2 s . The coefficients c i are expected to be of O (1) . Note that in each line the 4D curvature raised to some power comes multiplied with a series in inverse powers of V. Several comments are in order here:
• Firstly the curvatures do not just come as powers of the Ricci scalar as in f (R) gravity.
The leading term in the first line is actually a square of the Riemann tensor and exists only in heterotic and type I theories (s = H, I). In four dimensions one could however re-express this in terms of R 2 and R 2 µν and the (topological) Euler density. The R 2 µν term can be removed by a field redefinition g µν → g µν + λR µν .
• Only one scale controls successive terms of the curvature expansion and this scale is of course the string scale. The scale M of the previous section turns out to be M s = 1/ s . For the strings for which curvature-squared terms do arise (weakly coupled Type I and heterotic string theories) this scale is expected to be at most an order of magnitude or so below the Planck scale. Thus even in the best-case scenario where the leading R 2 term in the first line of (A.17) is present it appears with a scale far too high to agree with the phenomenological requirement M ∼ 10 13 GeV of Starobinsky-type models.
• In type IIB theory the first "R 2 " term is absent so in the 10D theory the next-to-leading curvature term has four powers of curvature. So the leading term beyond the Einstein
B. A CY deformation of a toroidal model
In this appendix we provide another example which satisfies the relation (3.36) between r and n s but leads to a larger value of r due to a smaller effective value of k. We start by considering the 3-moduli N = 1 toroidal orientifold (T 6 /(Z 2 × Z 2 )) where an explicit string loop computation has actually been performed (in the case of vanishing gauge fluxes) and the CY volume looks like [27] :
We now assume that it is possible to deform this toroidal model going to a smooth CY case by blowing up orbifold singularities. The resulting CY volume would schematically look like:
The addition of a blow-up mode supporting non-perturbative effects is crucial to satisfy the necessary condition to allow a standard LVS stabilisation procedure [46] . Moduli stabilisation would schematically proceed as follows:
1. D-terms could fix τ 2 in terms of τ 1 ;
2. The interplay between α and non-perturbative effects fix V and τ s following the standard LVS procedure;
3. The remaining flat direction, for example τ 1 , can be lifted by loop effects which develop the inflationary potential.
Let us describe how τ 2 could be fixed by D-terms in terms of τ 1 : τ 2 = ατ 1 with α a positive coefficient. Non-zero gauge fluxes induce moduli-dependent Fayet-Iliopoulos (FI) terms of the form [50] :
where q ij is the flux-dependent i-th U (1)-charge of the j-th modulus. Hence in our case we might have an FI-term that depends on both τ 1 and τ 2 as:
which can fix τ 2 = ατ 1 by imposing ξ i = 0 if the two U (1)-charges have an opposite sign and no matter fields get a non-vanishing VEV. Let us stress that this is just a sketchy description of a possible fixing mechanism and to check its viability in detail one would need to build a concrete model with explicit gauge fluxes. Let us now focus on the kinetic terms which read: 5) together with:
Given that the volume is kept stable during the inflationary dynamics, (B.6) implies:
Using now the fact that τ 2 is fixed at τ 2 = ατ 1 , we have ∂τ 2 /τ 2 = ∂τ 1 /τ 1 and (B.5) becomes: The spectral index is in perfect agreement with Planck 2015 data [2] and the tensor-to-scalar ratio turns out to be observably large.
